High speed flow past a blunt body generates a detached bow shock which leads to a high surface pressure and as a result the development of a high aerodynamic drag. One of the ways to reduce drag and heat flux is the employment of an aerospike. Flow under consideration occurs at rarefied conditions. In the present study, the flow around a blunted body fitted with an aerospike is analyzed using an open source Direct Simulation Monte Carlo (DSMC) code, called as dsmcFoam in OpenFOAM, at a high Mach number (M=6) at different length to diameter ratios (L/D = 1.5, 2) at an angle of attack 0 o . The aerospike replaces the strong detached shock wave ahead of the body with a system of weaker oblique shock waves. A recirculating flow zone is developed between the shock and the blunt body, which acts like a streamlined profile, thus reducing the drag and wall heat flux. Reducing the aerodynamic drag ensures reaching the desired range or altitude, reduces the fuel usage, simplify the propulsion system requirements and maximize the ratio of payload to take off gross weight.
Introduction
Aerial vehicles like space planes, reusable launch vehicles, missiles and interplanetary probes which fly at supersonic and hypersonic speeds usually employ blunt nosed bodies for deceleration and thermal management. The reduction of both drag and aerodynamic heating is a major challenge among a number of design requirements for such vehicles. In the context of hypersonic vehicles, blunt geometries are preferred over slender ones considering practical implications such as higher volumetric efficiency, effective accommodation of crew or on-board equipment [1] . A blunt nosed body creates a bow shock wave at high Mach numbers. Pressure in the forward region of the body will be very high. Aerothermodynamic effects at the stagnation point will be very high at higher velocities. An aerospike fitted in front of the blunt nose offers an effective means of drag reduction. Flow past the aerospike creates a conical shock wave which will be far away from the body. Flow behind the shock wave separates on the aerospike and a recirculation zone is created near the surface of the body. The pressure on the body surface can be significantly reduced when the aerospike replaces the bow shock with a system of weaker oblique shock waves. Length of the aerospike have a significant effect on the drag reduction. However, it produces no effect when the length is too short. The investigations also yielded the result that there was no additional reduction of drag when the spike length exceeds four times the diameter of the forebody [2] .
The aerospike becomes effective only if the forebody is blunt enough to generate a bow shock wave ahead of it. Moreover, structural and rigidity considerations should be taken into account in the cases of very long aerospikes and measures should be taken to reduce the intensive heating loads at the tip of spikes. It should be taken in to consideration whether the attachment of the aerospike in front of the blunt forebody nose will affect the function of any seeker devices. Also, the benefits of using the aerospikes weaken as the incidence angle increases. The advantages of using aerospikes with high speed vehicles are not limited to the aerodynamics and flight mechanics features as mentioned above. In the context of high speed vehicle designs, aerospikes were also implemented to achieve many other operational requirements. An aerospike can be used as a pitot tube to measure the flight speed. Also, in terrestrial vehicles, TOPICAL PROBLEMS OF FLUID MECHANICS 85 _______________________________________________________________________ DOI: http://dx.doi.org/10.14311/TPFM.2016.012 aerospikes were used as probes to collect gas samples and in antitank projectiles, aerospikes provide a stand-off distance for a more efficient warhead detonation [3] .
Alexander [4] at the Langley pilotless aircraft division primarily suggested the use of aerospikes for drag reduction on blunt bodies at supersonic speeds. Study performed by Mair is said to be the first landmark study in this field [5] . He examined the flow around spiked flat cylindrical and hemisphere cylindrical models experimentally at a Mach number of 1.96 and Reynolds number of 1.65x10 5 . The word 'spike' was used first by Piland and Putland [6] . Beastall and Turner [7] recorded a new type of flow unsteadiness connected with longer spikes apart from the violent oscillations recorded by Mair. Stalder and Nielsen [8] carried out the first investigation of the aerothermodynamic effects of the aerospikes and they measured the heat transfer to a hemisphere cylindrical model for Mach numbers ranging from 0.12 to 5.04. Subsequently, a large number of investigation was carried out to appreciate the effect of high speed flows past a blunt body with protruding aerospike at the nose tip. Most of the investigations conducted for spiked blunt bodies have concluded that the use of aerospikes can drastically reduce the aerodynamic drag at very high speeds, for certain ratios of length of spike to the diameter of the body. Studies conducted by Motoyama et al. [9] , Milicev and Pavlovic [10] , Menezes et al. [11] , Kalimuthu et al. [12] showed that the effectiveness of the aerospikes can be increased further by the use of flat faced or hemispherical faced spike-heads called the aerodisks. It was concluded by Milicev and Pavlovic that the aerospike with a rounded tip produces higher drag reduction.
Aim of the present work is to study the effect of introducing aerospike to the flow around a blunted body. Flow over the aerospike is simulated numerically at a high Mach number (M=6) at 0 o angle of attack and different length to diameter ratios (L/D=1.5, 2) where L is the aerospike length and D is the blunt diameter. The problem under consideration is highly non-continuum in nature and deals with hypersonic flows, shock interaction, rarefied conditions and recirculation. Hence, Direct Simulation Monte Carlo (DSMC) method is used to solve the problem.
Direct Simulation Monte Carlo Method
Direct Simulation Monte Carlo (DSMC) is a physical simulation technique commonly used for solving high Knudsen number flows. The region of gas flow is simulated by a large number of representative particles and all of the molecular alternation such as movements and collisions are computed. In DSMC method, molecular motion and surface interactions are simulated in deterministic approach and collisions in probabilistic approach.
The main procedure followed in this method involves particle initialization, movement of particle and boundary interaction, intermolecular collisions and macroscopic averaging in the cells for field variant and in the wall surface for surface pressure and heat flux variant. An open source Direct Simulation Monte Carlo code, called as dsmcFoam in OpenFOAM is employed for solving the problem.
Methodology

Geometry and computational domain
The geometrical dimensions of the spiked blunt body used in this study are shown in Fig. 1 . The diameter of the cylindrical forebody, D, is 40 mm and the length of the forebody is taken as 1.25D. L/D ratio is taken as 1.5 and 2 depending on the case selection [13] . Aerospike tip is taken as hemispherical with diameter 0.1D as shown in the Fig. 1 .
Free stream conditions are assigned to the inlet and outlet while stationary wall condition is applied to the surface of the spiked body. Free stream inflow conditions at a Mach number 6 were used for inlet boundary [14] . Wall temperature is taken as 300 K. Values of the free stream flow are the stagnation pressure, P 0 = 8. 
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DSMC Properties
Air is used in the analysis with fractions of nitrogen (N 2 ) and oxygen (O 2 ). MaxwellianThermal wall interaction model is used for the present analysis. Binary Collision model used is LarsenBorgnakkeVariableHardSphere and the value of the relaxationCollisionNumber is taken as 5. InflowBoundaryModel used is FreeStream. The dimension of cell and time step has a significant role on the accuracy of result. So this value must be such that particles in a step time move less than the mean free path of the molecules (λ). Hence the size of cell must be near third of the calculated mean free path. The DSMC particles in the analysis are approximately 500000.
Results
Results of the numerical simulations carried out show that a strong bow shock is generated at a small distance from the spiked blunt body. Flow behind the shock wave separates on the aerospike and a recirculation zone is created near the surface of the body. Due to this recirculation, the pressure and wall heat flux decrease in the region ahead of the blunt body. However, the reattachment of the shear layer on the shoulder of the blunt forebody increases the values of local heat flux and pressure. The pressure on the body surface can be significantly reduced when the aerospike replaces the bow shock with a system of weaker oblique shock waves. shows the temperature distribution over a blunt body without aerospike. Higher values of temperature can be seen at the stagnation region of the body. The bow shock is replaced by oblique shock waves and a recirculation region is formed in front of the body when an aerospike with L/D = 1.5 is used as shown in Fig. 3(c) and the temperature distribution in this case is shown in Fig. 3(d) . It can be seen from these figures that shock have a significant effect on the flow field around recirculation regions. Reattachment zone is visible in the Mach number contours obtained from the analysis. Temperature and local heating TOPICAL PROBLEMS OF FLUID MECHANICS 87 _______________________________________________________________________ rate are having a very higher values at the reattachment zone. Also, a lower value of pressure and Mach number is observed in the recirculation zone. Figure 3(e) shows the variation of Mach number when an aerospike with L/D = 2 is used. Temperature distribution when using an aerospike with L/D = 2 is shown in Fig. 3(f) . A sudden increase in temperature can be observed at the shear layer reattachment location. The flow separation as a result of using aerospike can be visualized from the results. The lower value of temperature in the recirculation zone cools the body surface. The size of the recirculation zone varies for different length to diameter ratios of the aerospike. Since the surface pressure ahead of the blunt body is reduced, resultant drag is also reduced.
Mach Number
Temperature Table 1 .
The pressure coefficient and coefficient of heat flux are calculated using the following equations:
where p is the pressure, p ref is the reference pressure, ρ ∞ is the reference density, v ∞ the reference velocity, and q is the heat flux. Free stream conditions are assumed as reference conditions. Pressure coefficients over the wall for different cases at an angle of attack 0º are plotted with respect to X-axis. Introduction of aerospike at the nose of the blunt forebody changes the flow field resulting in reduced pressure in nose region. Maximum value of density can be seen at the reattachment point. The heat flux coefficients over the wall for different cases at an angle of attack 0º are plotted with respect to X-axis. 
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Conclusions
Hypersonic flow over a spiked blunt body at Mach number 6 with varying length to diameter ratio at zero degree angle of attack is numerically simulated using DSMC method. Temperature and Mach number variations are studied. Peak pressure and temperature at aerospike and blunt body are compared and there is a very large reduction in the values when using aerospike. Aerospike with L/D ratio 2 gives better reduction when comparing with L/D ratio 1.5. Coefficient of pressure (C p ) and Coefficient of heat flux (C h ) are plotted along X-direction of the blunt body for different cases at zero degree angle of attack. Coefficient of pressure when aerospike is attached is less than that of no-spike case. Aerospike with L/D ratio 2 is having lesser values of C p when comparing with L/D ratio 1.5. Frontal pressure and frontal heat flux on the blunt body are significantly lower when an aerospike is used. 27.8% reduction in frontal pressure and 52.3% reduction in frontal heat flux are achieved in the case of L/D ratio 2, while 22.4% and 45.4% respectively for aerospike with L/D ratio 1.5. Coefficient of heat flux is having higher values at aerospike tip. But a better reduction is achieved at the body surface. The present computational model is being developed further for analyzing the effect of various geometries and combinations of drag reduction devices in hypersonic flows. Aerospike tip can be modified and analyzed as it will have a significant effect on the flow field.
